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Abstract
The tool and die industry is interested in depositing Cu onto steel using direct metal
deposition techniques in order to improve thermal management of mold dies
manufactured from steel alloys. However, Cu is a known promoter of solidification
cracking in steel. The goal of the first part of this work was to identify the range of Cu
compositions in steel that cause cracking and understand the cracking susceptibility
through analysis and modeling of microstructural development. A wide range of Steel -
Cu deposits, from approximately 3 to 97 wt% Cu, were fabricated using the Gas
Tungsten Arc Welding (GTAW) process with cold wire feed. The deposits were found to
be crack free when the concentration of Cu was above approximately 52 wt% or below
approximately 5 wt%. Cracking was observed in deposits with Cu concentration between
approximately 5 and 43 wt%. Thus, one means to ensure crack free deposition ofCu
onto Steel, the concentration of the first layer must be about 52 wt% Cu or greater. The
corresponding volume fraction of terminal Cu in samples that cracked was between
approximately 0.1 and 27%. The resultant microstructures were characterized by various
microscopy techniques to understand the influence of Cu on solidification cracking.
Additionally, solidification modeling was undertaken to determine the amount of
terminal Cu rich liquid that would form under equilibrium and non-equilibrium
solidification conditions. The second objective examined the range ofNi concentrations
necessary to eliminate solidification cracking in Steel-Cu deposits and understand the
cracking susceptibility through analysis and modeling of microstructural development. A
wide range of Steel - Ni - Cu deposits. containing up to 75 \\t% Ni. and Ni-Cu deposits
were fabricated using the Gas Tungsten Arc Welding (GTAW) process with cold \\ire
\feed. The Ni-Cu and Fe-Ni deposits were found to be crack free over the entire
composition range. However, Ni concentrations of up to 75 wt% were insufficient to
eliminate cracking when subsequent layers of Cu were deposited. Therefore, to ensure
crack free deposition of Cu onto Steel, the concentration of the Ni interlayer must be
greater than 75 wt% Cu. The resultant microstructures were characterized by various
microscopy techniques to understand the influence ofNi and Cu on solidification
cracking of Steel. Additionally, solidification modeling utilizing ThermoCalc was
undertaken to determine the amount of terminal Cu rich liquid and solidification
temperature range that would form under non-equilibrium solidification conditions.
')
ISection I:
Microstructural Development and Solidification Cracking Susceptibility
of Fe-Cu alloys
1-1. Introduction
Laser Engineered Net Shaping™ (LENSTM) is a solid free form fabrication
process capable of producing fully dense 3-D complex shapes directly from a Computer
Aided Design (CAD) drawing via Direct Metal Deposition (DMD). LENSTM utilizes a
Nd-YAG laser to produce a melt pool on a substrate attached to an X-Y table. Powder
metal from coaxial powder feed nozzles is injected into the melt pool as the table is
moved along a pre-designed two dimensional tool path that is "sliced" from a three
dimensional CAD drawing. A fully dense part is produced by depositing line after line,
which are built into sequential layers. LENS has already proven its ability to produce
molds out of AISI H-13 Tool Steel l and has shown promise in producing conformal
cooling channels in molds made out of the same material2• Additionally, several
researchers have investigated the fabrication of functionally graded materials using DMD
variant processes3-5. The tool and die industry would like to exploit the LENS process for
producing Steel - Copper functionally graded conformable cooling channels to improve
die thermal management and ultimately increase productivity.
AISI H-13 tool steel is a widely used mold material due to its favorable
mechanical properties, but the thermal conductivity limits the melt cooling rate and
increases mold cycle time. The thermal conductivity of copper6 is approximately 13
times that of AISI H-13 tool steel7 at operating temperatures between 220-600°C. It has
been sho\'vl1 that mold cores fabricated from Cu based alloys used in steel molds
significantly decrease the cooling times compared to monolithic H-13 tool steel8•
Attempts to deposit copper onto H-13 tool steel using the LENS process have
been limited in their success primarily due to solidification cracking9. Copper has been
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shown by several researchers to promote solidification cracking/hot cracking in steel 10-13 .
Solidification cracking is a function of the solidification temperature range and the
amount of terminal liquid, both of which are controlled by the nominal composition and
l'd'fi' d' . 14-17so 1 1 lcatlOn con Itlons .
Figure 1 is an Fe-Cu equilibrium phase diagram l8, which displays a large
solidification temperature range (~T) on the order of several hundred degrees C over a
wide range of Cu concentrations along with limited solid solubility of Cu in Fe. The
resultant effect on solidification cracking susceptibility is expected to be significant in
both equilibrium and non-equilibrium solidification conditions. Under equilibrium
solidification conditions (i.e. equilibrium at the solid/liquid interface, no undercooling
and infinite diffusion in solid and liquid phases) Fe - Cu alloys with more than
approximately 14 wt% Cu will produce terminal Cu rich liquid with a solidification
temperature range of over approximately 300°C. The unfavorably large solidification
temperature range persists up to approximately 85 wt% Cu at which point the liquidus
temperature decreases significantly and causes a considerable reduction in ~T with
increasing Cu. Solidification terminates when the liquid composition is enriched to pure
Cu.
Non-equilibrium solidification conditions are similar to equilibrium conditions,
except there is negligible diffusion of solute (Cu) in the solidifying solid (Fe) (otherwise
knoWll as the "Scheil" solidification condition1\ For Scheil solidification conditions the
large solidification temperature range is extended to even lower concentrations of Cu in
Fe. If even trace amounts of Cu are added to Fe. solidification \vill tenninate at pure Cu.
with a solidification temperature range of over 400°C. Additionally. the limited solid
5
solubility of Cu in Fe will lead to significant amounts of terminal liquid over a similarly
large range of nominal compositions. As such, the Fe-Cu system is expected to be
inherently crack susceptible over a very large range of nominal compositions for both
equilibrium and non-equilibrium solidification conditions. The objective of this work is
to identify the conce~t1-ations of Cu in steel that result in crack free deposits as-an
important step towards successfully depositing Cu onto H-13 tool steel with the LENSTM
process.
1-2. Experimental Procedure
A simplified, ye! representative material system consisting of SAE 1013 steel and
commercially pure deoxidized (DEOX) Cu were-chosen to simplify the analysis while
producing results representative of the solidification behavior of H-13 tool steel and
copper. The compositions .of the 1013 Steel and Cu wire are presented in Table I.
Single pass deposits provide the easiest means to analyze the effects of Cu
concentration on solidification..cracking. However, single pass deposits produced with
the LENSTM process are on the order of only 1mm in width, making sample preparation
and analysis difficult. The.current work only considers compo,sitional effects on
//~'
solidification cracking Therefore, a wide range of SteeH::~li"alloyswere fabricated by
depositing Cu onto 2.54 cm wide x 0.635 cm thick AISI 1013 rolled steel bar using a gas
tungsten arc weld (GTAW) process with cold wire feed. The GTA\V deposits are on the
order of 1. cm in width or larger, pemlitting straight forward sample preparation and
analysis, yet still representative of solidification under relatively high cooling rates.
TIle experimental setup is described in more detail by Banovic et.a\. 20. The
GTAW processing parameters were as follows: 2.54 mm arc gap. 2 millis travel speed.
6
250 ampere arc current and 10 volt arc potential. The shielding gas was commercially
pure Ar. The filler metal was 1.143 mm diameter (0.045 in.) deoxidized (DEOX) Cu.
The deposit composition was varied by changing the wire feed speed, while all other
processing parameters remained constant. Wire feed speed ranged from approximately 2
mm/s to 76 mm/s.
Transverse cross sections of samples from each processing condition were
sectioned, mounted, ground and polished using standard metallographic techniques, then
etched in 2% Nital. Both bulk and point compositions were determined with an e1ectron-
probe microanalyzer (EPMA). A lEOL 733 Super Probe, equipped with wavelength
dispersive spectrometers, was operated at an accelerating voltage of20 kV and a probe
current of25 nA for bulk analysis. To minimize the excitation volume yet maintain
sufficient over-voltage to generate Cu Ka x-rays, the accelerating voltage was reduced to
15 kV for point analysis and line scans. To measure the nominal composition of the
deposits three to six measurements were acquired per deposit from an area approximately
2000 Jlm2 per measurement. This area was large enough to average out variations in
composition due to microsegregation and provide good statistical measurement of the
nominal deposit composition. A phi(pZ) correction method was utilized to convert X-ray
counts to weight percentages21 . Compositional data was normalized for weight percent
Fe and Cu, which is reasonable given the maximum amount of trace elements present is
1.36 wt%. For deposits with nominal Cu concentrations greater than 71 \\'t%. the
geometric dilution method described by Banovic2o was used to determine the nominal
composition. Banovic20 found that compositions of deposits measured by geometric
dilution had good correlation (±2.4 \\1%) to that measured by EPMA. Concentration
7
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measurements were made with the EPMA when a higher degree of precision was
required. Quantitative image analysis was used to perform geometric dilution and area
fraction measurements. Area fraction was assumed equivalent to volume fraction.
Twenty fields of view were measured for each deposit to provide good statistical
confidence in the area fraction measurements.
1-3. Results
Steel - Cu deposits ranging in composition from 3.5 wt% to 97.0 wt% Cu were
produced. The cracking susceptibility results for the Steel - Cu deposits are summarized
in Figure 1 with solid and dashed lines corresponding to crack free and cracked deposits,
respectively. Deposits with Cu concentrations up to 4.7 wt% Cu and greater than 51 wt%
Cu were crack free. Solidification cracking was observed in deposits with Cu
concentrations between 5.4 and 43.3 wt% Cu. The cracking susceptibility of deposits
with Cu concentrations between 43.3 and 51 wt% Cu is unknown because there were no
samples fabricated within this composition range.
Figure 2 is a micrograph of a 3.5 wt% Cu deposit. This deposit was crack free
and remnants of the cellular solidification microstructure are apparent with bainite or
martensite forming by solid state transformation due to the rapid cooling rate. The
equilibrium solidification sequence for this Cu concentration would be liquid to delta
ferrite. No Cu rich temlinal phase was observed in this deposit.
A 6.1 \\'t% Cu deposit is ShO\\'l1 in Figure 3. The deposit exhibited solidification
cracking and a second phase with a spherical morphology was observed in the
intercellular regions. Figure 4 displays EDS spectra obtained from the secondary phase
and surrounding matrix. which confimls that the intercellular spheres observed in Figure
8
3 are indeed Cu rich. The x-ray excitation volume with a 20 kV accelerating voltage is
approximately 1.5 microns in diameter, which is slightly larger than the spherical
se.condary phase and is most likely the reason/why an Fe peak is observed in the EDS
spectrum of the intercellular secondary phase. Sn is also observed in the Cu spheres due
to the presence of Sn in the Cu wire (0.8 wt% Sn), which appears to partition to the Cu
rich phase. The expected equilibrium solidification sequence is the same as the Steel -
3.5 wt% deposit, and the presence ofCu is not expected (under equilibrium solidification
conditions). The intercellular Cu indicates that the solidification conditions deviate from
equilibrium, which will be discussed in more detail in the subsequent section.
As the copper concentration in the deposit increases, the microstructure changes
from cellular to columnar dendritic. Figure 5 is a micrograph of a 17.0 wt% Cu deposit.
Cracking is observed along Cu rich regions of the deposit.
Another change in microstructure is observed as the Cu concentration is increased
to 35 wt% Cu, as seen in Figure 6. The microstructure formed is the result of liquid
phase separation that precedes solidification, resulting in a spinodal microstructure22-24 •
Like the 17 wt% Cu deposit (Figure 5), cracking is observed along the Cu rich regions of
the deposit.
As the Cu concentration is increased. the spinodal microstructure becomes a fully
interpenetrating network of Fe rich and Cu rich phases as seen in Figure 7 for 51.6 \\:1%
Cu. This deposit and subsequent deposits with higher Cu concentrations were crack-free.
Figure 8 is a micrograph for 61.1 \\'1% Cu deposit that displays a combination of
dendrites and liquid phase spinodal spheres in a Cu rich matrix. There is a change in the
9
....-".-
spinodal microstructure from interpenetrating networks to spheres that exhibit a
secondary phase separation similar to that reported by Elder23 .
1-4. Discussion
J-4-J. Solidification Behavior
Solidification conditions and the nominal composition control the solidification
temperature range and amount of terminal liquid. Solidification cracking susceptibility is
a function of the two latter quantities. Therefore, to understand cracking susceptibility it
is necessary to determine the solidification behavior. Solidification behavior is bounded
by equilibrium and non-equilibrium (Scheil) conditions. These two solidification
conditions can be used to determine the upper and lower bounds for the amount of
terminal liquid and the solidification temperature range.
To determine the solidification behavior of Fe - Cu alloys, and determine the
amount of terminal Cu rich liquid that would form during solidification, the
dimensionless back diffusion coefficient a must be calculated. Once the solidification
behavior is known, the solidification temperature range and amount of terminal liquid can
be determined.
It has been shown that mic~osegregation in welds is a function of the back
diffusion potential of solute elements in the solidifying solid as the weld freezes 17.25-28.
Alloy systems with a small back diffusion potential will experience greater levels of
microsegregation during solidification. The greater microsegregation will produce a
larger amount of terminal solute rich liquid. which \\ill impact the solidification cracking
susceptibility of the alloy system.
•
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In order to determine the solidification condition, the dimensionless back
diffusion parameter (a) was calculated for the Fe-Cu system using the 6.1 wt% deposit.
This sample will provide an upper bound estimate because the primary solidification
phase is 8 Fe, as it has a greater diffusivity ofCu than y Fe29• Following the Brody-
Fleming28 solidification model, a is given by:
!
')
[1]
where Os is the diffusivity of the solute (Cu) in the solid (8 or y Fe), tris the
solidification time and L is the distance the solute must travel to eliminate any
compositional gradient.
Because diffusivity is dependant on temperature and crystal structure of the
solvent phase, the value of the back diffusion potential will change as the deposit cools.
Therefore, an upper bound estimation is made for the back diffusion potential (arnax) of
the 6.1 wt% Cu sample. If a rnax is found to be « 1, then Fe - Cu alloys will solidify
under non-equilibrium conditions regardless of temperature or crystal structure.
Oiffusivity of Cu in 8 Fe was found to be 7.9 X 10-12 (m2/s) at 1500 T 29• This
data provides an upper bound value for the diffusivity ofCu in 8 Fe over the relatively
narrow temperature range for 8 Fe (1515 to 1485°C). assuming it solidifies under Scheil
conditions. which will result in a larger solidification temperature range and upper bound
estimation for a. As the 6.1 \\'1% alloy continues to cool. the y Fe begins forming from
the liquid at 1485T. To provide the highest possible back diffusion potential in y Fe. the
diffusivity was calculated at the peritectic temperature. 1485T. to be 7.6 X 10-14 (m2/s)
using the diffusion data provided by Arita20 .
I I
L is equivalent to half the dendrite arm spacing since this represents the distance
the solute atoms must travel to eliminate any concentration gradients in the forming solid.
The average dendrite arm spacing was found to be 9.5 microns for the 6.1 wt% Cu
sample.
Assuming a linear cooling rate during solidification, the solidification time, tr, can
be determined with the following equation:
[2]
where tr is the solidification time, /1T is the solidification temperature range and E
is the cooling rate.
To provide an upper bound estimate of the back diffusion potential in 0 Fe, the
temperature range (/1T) between the liquidus and the Fe rich peritectic in the 6.1 wt% Cu
alloy (1515 and 1485 °C) was used. Assuming the 6.1 wt% Cu alloy solidified under
non-equilibrium conditions, back diffusion of Cu solute atoms would occur in y Fe at
temperatures below the Fe rich peritectic (1485 °C). The largest /1T for y Fe, which will
result in the greatest amount of time for back diffusion, is the peritectic temperature
(1485 °C) minus the Cu rich peritectic isotherm (1096 ·C).
To estimate the cooling rate the Rosenthal equation for three dimensional heat
flow from a point heat source was utilized3o. Along the \veld center line. the Rosenthal
equation simplifies to:
[3]
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where Ais the thermal conductivity, S is the travel "speed, T is the temperature at
which the cooling rate is estimated, To is the pre heat temperature, TJa is the arc transfer
efficiency and VI is the arc power. The thermal conductivity for Fe at 72TC is 0.326
W/(cm °C). This was used as the effective thermal conductivity over the temperature
ranges stated above. For the conditions used to make the deposits, VI = 2500 W, S = 0.2
cm/s, To = 25°C, T = 1515°C (the liquidus temperature for the 6.1 wt% Cu alloy) and TJa
= .75 for the GTAW process31 • Given the above conditions, the approximated cooling
rate was found to be 485°C/s. For solidification as primary 8 Fe, the solidification
temperature range is 45°C, resulting in a solidification time of .09 seconds. Given the
dendrite arm spacing of9.5 microns, the resultant a = 0.00~4, which is« 1, therefore
back diffusion is negligible. If the primary solid was y Fe, the maximum solidification
temperature range would be 389°C, which is the Fe rich peritectic temperature (l485°C)
minus the lower Cu rich peritectic temperature (1 096°C). The estimated cooling rate
would be 466°C/s, and the solidification time would be 0.83 seconds. Then a = 0.00070,
which is also « 1 and even smaller than the back diffusion coefficient for solidification
as primary () Fe. Even though the solidification time is greater for y Fe, the diffusivity is
nearly two orders of magnitude less than that for () Fe. Therefore, negligible back
diffusion will occur during solidification. indicating that the solidification conditions are
expected to be close to non-equilibrium "Seheit.. conditions.
It should be noted that the cooling rate is an estimate for two reasons. First. the
Rosenthal solution is based on the assumption of a point heat source. In practice. the
GTA\V heat source is not a point heat source but rather. more diffuse. which \\ill result in
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tlower cooling rates. Secondly, cooling rate is a function of temperature. The cooling rate
decreases with decreasing temperature. Assuming the actual cooling rate is only half that
predicted by the Rosenthal equation, U max for 8 and y Fe are 0.011 and 0.0014
respectively. Non-equilibrium conditions persist even if cooling rate is decreased by half.
As such, it can be concluded that the presence of the copper spheres in the 6.1
wt% sample (Figure 3) is a result of non-equilibrium solidification conditions. However,
the absence of terminal Cu in the Steel- 3.4 wt% Cu sample (Figure 2) is evidence that
some back diffusion of Cu did occur to prevent the formation of terminal Cu at this
nominal composition. Based on these two microstructures, and the back diffusion
calculations, the solidification conditions are close to non-equilibrium, but some limited
diffusion does exist.
The solidification behavior of the 6.1 wt% Cu alloy is representative of the
solidification behavior for the entire Fe - Cu system. This can be seen by considering
how the parameters that effect U change with Cu concentration. If Cu concentration is
increased slightly beyond 6.1 wt%, the solidification temperature range in 8Fe decreases.
This will decrease u for concentrations up to 8.1 wt% Cu, which is the maximum
concentration at which the primary solid phase is 8Fe. For Cu concentrations greater
than 8.1 wt%. the primary solidification phase changes from 8 to y Fe and resultant
diffusivity decreases by nearly two orders of magnitude. thereby significantly reducing a.
This is true even though the solidification temperature range. which effects solidification
time. is greater in y Fe than it is in 8 Fe. As eu concentration is increased beyond 8.1
\\1%. the solidification temperature range decreases. further reducing the back diffusion
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potential of Cu in Fe. Given the effects of increasing Cu concentration on tr, and Ds, the
entire Fe - Cu system is expected to exhibit near Scheil solidification conditions.
'\ Assuming the solidification conditions are non-equilibrium for all Steel - Cu
alloys, there will be an even greater range of nominal compositions with large
solidification temperature ranges. The influence of solidification conditions on
solidification temperature range is given in Figure 9. Under equilibrium conditions the
solidification temperature range is quite small up to the Fe rich peritectic (8.1 wt% Cu).
As the nominal composition of Cu increases beyond 8.1 wt% the equilibrium
solidification temperature range is less straightforward due to the shape of the y solidus.
Because the austenite solidus extends out to approximately 13 wt% Cu before bending
back to 8.2 wt% Cu, the equilibrium solidification sequence will occur by initial
solidification, followed by remelting, then resolidification at the Cu rich peritectic
isothenn. This is the case for equilibrium solidification of alloys with nominal Cu
concentrations ranging from approximately 8 to 13 wt%. In Figure 9, the line
representing the equilibrium solidification temperature range ignores the initial
solidification and remelting phenomenon, thereby displaying an upper bound range of
compositions with a solidification temperature range on the order of hundreds of degrees
C. The solidification temperature range for equilibrium and non-equilibrium
solidification conditions will be the same (liquidus - melting point of pure Cu) when the
nominal composition of the deposit is greater than approximately 13 \vt% Cu. With
Scheil solidification conditions. the range of nominal compositions \\ith solidification
temperature range on the order of several hundred degrees C is increased to even trace
amounts of Cu. TIlis is because the tenninal reaction during non-equilibriwn
15
solidification is pure Cu over the entire range of nominal compositions in the binary
phase diagram.
Figure 9 also displays the range of nominal compositions that experienced
solidification cracking, which correlates reasonably well with the range of compositions
where the solidification temperature range is very large. At approximately 43 wt% Cu
another factor comes into play, the amount of terminal liquid available for backfilling of
cracks.
The amount of terminal liquid is the other key variable in solidification cracking
susceptibility. The terminal liquid is defined as the volume of liquid present at the end of
solidification. This terminal liquid transforms to the Cu rich phase at the end of
solidification. The amount of terminal liquid can be determined by measuring the
amount of Cu in the deposits. The volume fraction measurements for the deposits are
presented in Figure 10. The 95% confidence interval was used to calculate error bars for
each point. Cracking was observed in deposits that contained between 0.1 and 27 vol. %
terminal Cu.
Given that the deposits solidify under non-equilibrium Scheil conditions, the
measured amount of terminal Cu can be compared to the predicted amount as calculated
by the Scheil equation. To predict the amount of terminal Cu the differential form of the
Scheil equation must be used because the equilibrium partitioning coefficient. k. is not
constant in the Fe-Cu system. The differential Scheil equation is given by:
df = ( 1- fs )dC
s C -C· L
L S
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[4]
where dfs and dCl are the infinitesinamal change in fraction solid and liquid composition
respectively. Cl and C~ are the composition of the liquid and the solid, respectively, at
the solid liquid interface at any temperature given by the equilibrium liquidus and solidus
lines from the Fe-Cu phase diagram. Equation 4 enables the fraction solid (and
corresponding fraction liquid) to be calculated by use of a finite difference method for
any given nominal composition.
When using the finite difference method, the starting conditions are: fs = 0, Cl =
Co at the liquidus temperature, and C~ is given by the solidus composition at the liquidus
temperature. The value of dCl was set to 1 wt% Cu. The values for Cl and C~ are read
directly from the equilibrium phase diagram. The fraction solid formed at any
temperature below the liquidus is found by repeatedly solving Equation 4 for each dCl
and summing the resultant values of dfs to provide fraction solid at any temperature. The
finite difference technique provides the mass fraction of solid (fs). The mass fractionI
liquid, fl , is then given by fl = 1 - (<;. For the case of the Fe - Cu system, the differential
Scheil calculation was carried out until the Cu rich peritectic isotherm was reached since
all liquid that reaches the Cu rich peritectic (96.7 wt% Cu) will be transfonned to the Cu
rich phase (95.9 wt% Cu and greater). This can be seen in the Fe-Cu phase diagram in
Figure 1.
To detemline the volume percent terminal eu for Scheil solidification conditions.
the fl. which is in weight fraction. must be converted to volume percent by a
modification of the lever rule:
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fL,cu
v = Pcu X 100
Cu f f
L,Cu + S,Fe
PCu PFe
[5]
where fL,cu, fS,Fe, PCu and PFe are the weight fraction and room temperature density
of Cu and Fe respectively. Using Equation 5, the resultant values for volume percent
terminal Cu as predicted by the differential form of the Scheil equation are presented in
Figure 11 as the "Scheil Solidification Model" line. The volume fraction terminal liquid
can be determined using the finite difference Scheil technique given the assumption that
the equilibrium phase boundary lines are known and that the solidifying liquid follows
these boundaries as it is cooled. This is expected to provide a good approximation for Cu
concentration between 3.5 and 22.5 wt%. The presence of a liquid phase spinodal
decomposition in deposits with Cu concentration 35 wt% and greater results in a change
of phase boundary lines that does not allow the iterative Scheil technique to be used. The
liquid phase spinodal decomposition will be discussed more in the next section. Also in
Figure 11 are the measured values of Cu rich phase from deposits with Cu concentration
up to 22.5%, with error bars that represent the 95% confidence interval for both
composition measurements with the EPMA and volume fraction measurements with
QIA.
Additionally, the expected anlOunt oftenninal Cu under equilibrium solidification
conditions. assuming all subsequent diffusion ceased at the end of solidification. is
presented as the "Equilibrium Solidification" line. These results are determined by the
lever rule at the Cu rich peritectic isotherm temperature (I 096°C) to detemline the
fraction temlinal eu rich phase. In this calculation. the Fe rich solid phase was taken
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from the equilibrium phase diagram to be 8.2 wt% Cu and the Cu rich liquid phase was
given by 96.7 wt% Cu. The liquidus composition at the Cu rich peritectic (96.7 wt%)
was used to represent the amount of terminal Cu because all liquid that reaches the Cu
rich peritectic isotherm will transform to the Cu rich solid phase. The weight fraction
terminal rich Cu was then converted to volume percent using Equation 5.
The second equilibrium line, "Room Temp Equilibrium", displays the room
temperature volume percent of Cu as determined by the equilibrium binary Fe-Cu phase
diagram at room temperature. These values were calculated with data from the Fe-Cu
phase diagram at 600·C, which shows negligible solid solubility of Fe and Cu in each
other.
The unique shape of the Fe - Cu phase diagram produces an unexpected result in
the solidification modeling as seen in Figure 11. For any nominal composition greater
than the Fe rich peritectic (8.1 wt% Cu), non-equilibrium solidification results in less
terminal Cu rich liquid than for equilibrium solidification conditions. This is due to the
shape of the y solidus line. As an alloy cools below the Fe rich peritectic temperature, the
solid solubility ofCu in austenite increases to approximately 14% at I400·C. However,
below this temperature, during equilibrium solidification, the entire solid begins rejecting
Cu solute into the liquid. In the Scheil condition, Cu solute is "locked" into the pre-
existing solid due to the negligible diffusivity of Cu in austenite. The result is less Cu
solute present to foml terminal liquid in the Scheil condition.
In eutectic systems, the opposite occurs. with Scheil conditions acting as an upper
bound for the amount oftemlinalliquid 17• In a eutectic system. the solidus and liquidus
slopes are of the same sign over the entire solidification temperature range and the
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composition of the solid continues to increase until the maximum solid solubility is
reached at the eutectic isotherm. This results in the largest amount of solute being
rejected into the liquid when solidification occurs under Scheil conditions. In the Fe - Cu
system the solidus and liquidus slopes are no longer of the same sign over the entire
solidification temperature range. The solidus slope starts negative, then becomes positive
as temperature decreases while the liquidus slope remains negative. The result is a
decreased amount of terminal Cu rich phase when solidifying with Scheil conditions.
The significance is that both the equilibrium and Scheil solidification calculations
predict less solid Cu rich phase at room temperature than the equilibrium room
temperature results. This is due to the assumption that there is no diffusion of Cu in Fe at
the end of solidification, which was made in both the Scheil and Equilibrium
solidification models.
Because the Fe - Cu system has a low back diffusion potential, it is expected that
both the equilibrium room temperature and equilibrium solidification calculations would
not accurately predict the amount of terminal second phase. There is reasonably good
agreement between the Scheil prediction and the experimental data. Yet there is a slight
over prediction of the amount of terminal Cu using the Scheil calculation compared to the
measured volume percent for any given nominal composition. There are two possible
reasons for this. Firstly. the deposits fabricated in this work contains elements other than
Fe and Cu. therefore, the phase boundary lines for the Steel- Cu deposits may be shifted
as compared to the binary Fe - Cu system. Secondly. dendrite tip undercooling can
enrich the composition of the first solid to form. rcsulting in less tenninal solute rich
liquid than predicted by the Scheil results31. To invcstigate this possibility. an EPfv1A
20
line scan across the cellular structure in the Steel - 6.1 wt% alloy was acquired (Figure
12). The line scan spans the cellular structure and intersects with a terminal Cu rich
sphere. Because the size of the sphere is approximately the same size as the X-Ray
emission volume, it is not possible to quantitatively determine the composition of the
interdentric Cu rich phase with the EPMA technique, however, the composition profile
across the cell can provide information on how the composition of the solid changed
during solidification. The portion of the EPMA line scan in Figure 12 representing the
cell core to the intercellular region is shown in Figure 13 and compared to the ScheH
results where the cell core is taken as fs=O and the interdendritic region, where the Cu
concentration peaks, is taken as fs=l. Note that the experimental data has a higher
composition Cu than that predicted by the Scheil model for any amount of fraction solid.
This is most likely a result of dendrite tip undercooling or a shift in phase boundary lines.
J-4-2. Liquid Phase Separation
Another potential indicator of undercooling is the presence of liquid phase
spinodal. According to the Fe - Cu binary phase diagram with metastable miscibility
lines33 (Figure 14), a certain amount of undercooling is required for the liquid phase
separation to occur. The anlOunt of undercooling is dependent upon nominal
composition. Liquid phase spinodal structures were seen for alloys ranging from 35 to 71
wt% Cu. \vmch corresponds to a minimum undercooling ranging from 54 to 32"C
respectively. The amount of undercooling not only effects the composition of the first
solid to [onn and whether the liquid phase separation occurs. it also decreases the
solidification temperature range and solidification cracking susceptibility concomitantly.
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As discussed in the Results section, there is a significant change in microstructure
between the 17 and 35 wt% Cu deposits (Figure 5 and Figure 6 respectively). This
provides one indicator of a liquid phase separation and subsequent spinodal
decomposition in the Fe-Cu system, which has been reported by several researchers22.
Another evidence is the composition of the Fe rich and Cu rich phases of the spinodal.
EPMA measurements were made of the Fe and Cu rich phases of the spinodal
microstructure and are given in Table II. These results are in good agreement with the
experimental results ofNakagawa34 and Elde~3 as compiled by Chen35.
There are two distinct types of liquid phase spinodal structures observed. The
first type consists of an interpenetrating Fe rich and Cu rich networks that are continuous
throughout the fusion zone. Figure 7 is an example of this morphology, which is very
similar to that observed by Zeng22, but with a larger wavelength due to the lower cooling
rates in GTAW deposition as compared to laser surface alloying used by Zeng. This first
structure was observed in deposits with nominal compositions ranging from 35.0 - 55.3
wt%Cu.
A second type of spinodal structure is seen as the nominal composition of Cu
increases (Figure 8), which correspond to spinodal structures observed by Elder23 .
Figure 15 is an SEM micrograph of a liquid phase spinodal sphere observed in the 61.1
wt% Cu deposit. EDS was used to detemline that the matrix is eu rich and the spheroid
\\'ith perturbations is Fe rich with Cu rich spheres within the Fe rich outer ring (Figure
16). All three EDS spectra were taken under the same conditions for the same count time
and are plotted on the same scale. allowing for qualitative comparisons to be made. The
EDS spectra of the secondary sphere is nearly identical to that of the matrix. \\>ith only
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slightly more Fe and Mn, most likely due to the excitation of the surrounding Fe rich
sphere. The morphology of this second type of spinodal structure providence some
evidence on how the Fe - Cu liquid phase spinodal solidifies.
It has been suggested23 that the solidification sequence would begin with the Fe
rich liquid phase due to the greater undercooling this phase would experience at any
given undercooling at the nominal composition. '}:'he solidification of the Cu rich phase
would then follow. This hypothesis is supported by the spherical spinodal
microstructures seen in Figure 8 and Figure 15. Fe rich perturbations are seen extending
from the spheroid that has undergone secondary phase separation23 , where Cu rich
spheres are seen within an Fe rich sphere surrounded by a Cu rich matrix. The presence
of the Fe rich perturbations suggests that the Fe rich phase does indeed solidify first, with
post liquid phase separation growth of the Fe rich phase into the Cu rich liquid phase.
1-4-3. Cracking Susceptibility
The solidification cracking susceptibility of Steel - Cu deposits can be understood
by combining the solidification temperature range estimates (Figure 9) and the volume
percent terminal Cu data (Figure 10). At Cu concentrations below approximately 5 wt%
the estimated Scheil solidification temperature range is greater than 400°C but no
terminal Cu is observed. The absence of terminal Cu indicates that the deposit did not
solidify completely under Scheil conditions and that there was some finite amount of
back diffusion. The absence oftenninal Cu also indicates that the solidification
temperature range for deposits with less than 5 \'.1% Cu is less than that predicted using
the Scheil solidification conditions. TIle deposit is crack free due to the lack of temlinal
eu and most likely a reduced solidification temperature range.
, ...
--'
The estimated solidification temperature range, under Scheil solidification
conditions, for deposits with nominal Cu concentrations between approximately 5 and 43
wt% remains greater than 350°C, and terminal Cu is present. The large solidification
temperature range and intermediate amounts of terminal Cu produces solidification
cracking. As the Cu concentration continues to increase beyond 43 wt%, the
solidification temperature range continues to decrease and the amount of terminal Cu
continues to increase. The increased terminal eu is sufficient to backfill any cracks that
may form during solidification.
GTAW deposits may present a worst case cracking susceptibility scenario when
compared to laser deposition. In work performed by Zeng, Cu was laser surface alloyed
onto SAE 1045 steel producing a melt zone with nominal composition of33 wt% Cu22, in
which no cracking was observed36. The same composition deposit fabricated using
GTAW resulted in cracking, with the nominal composition lying well within the high
crack susceptibility region. The microstructures observed in the cu~ent work are
analogous to Zeng's but of a much coarser scale as would be expected due to slower
relative cooling rate in GTAW processes as compared to laser surface alloyed
composites.
In general, if Cu is to be deposited onto steel using arc welding processes, the first
layer must contain at least 50 \\'t% Cu to avoid solidification cracking. A second
potential solution is to use an interlayer material that exhibits good solid solubility and a
small solidification temperature range \vhen alloyed with eu or Fe. The potential of
using Ni as such an interlayer is explored in a future publication.
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1-5. Conclusion
To determine the compositional cracking range of Cu in Steel, a wide range of
Steel - Cu deposits were fabricated by GTAW with a cold wire feed. EPMA
measurements were carried out to determine the composition of the Steel - Cu deposits.
Deposits with compositions ranging from 5.4 to 43.3 wt% Cu were found to be crack
susceptible, while compositions above 51.5 and below 4.7 wt% Cu were found to be
crack free.
Solidification cracking was found to be a function of both the solidification
temperature range and the amount of terminal eu rich liquid. Cracking occurred when
the solidification temperature range was between 349 to 436°C and when the amount of
terminal Cu was between 0.1 and 26.9 volume percent. Solidification calculations
utilizing a finite difference ScheH technique and the binary equilibrium Fe - eu phase
diagram provided reasonable estimates of the amount of terminal Cu during
solidification. The current work may provide a more conservative estimate of
solidification cracking susceptibility as compared to laser deposition.
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1-6. Individual tables
Table I: Compositions of AISI 1013 bar and DEOX Cu wire
C Mo Si S P Cr Ni Mo Cu Fe AI So
Cu wire - 0.18 0.23 - 0.01 - - - 98.78 - - 0.8
SAE 1013 Bar 0.13 0.82 0.173 0.02 0.007 0.026 0.066 0.015 0.08 98.643 0.009 0.011
Table II: Phase Compositions of Spinodal Structures
lNominal Composition Phase
Fe rich Cu rich
wl%Cu wl%Cu
Steel - 16.7 wt% Cu 11.28 92.455
Steel - 35.0 wt% Cu 13.563 93.231
Steel- 37.9 wt% Cu 12.716 90.779
Steel - 50.5 wt% Cu 16.598 88.428
Steel- 55.3 wt% Cu 15.474 94.777
Steel- 69.5 wt% Cu 17.743 92.096
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1-8. Figures
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Figure I: Fe-eu equilibrium phase diagram 18 with solidification cracking results. Solid
and dashed lines represent crack free and cracked deposits respectively
Figure 2a and b: Steel - 3.5 \\'1 % eu
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Figure 3a and b: Steel - 6.1 \\'1% Cu. Tenninal Cu in intercellular regions
29
F K
uK
SoL
S L
~~ .K C KI J
2.11 4.11 '-II III 11.11 11.11 14.11 16.11 11.11
f K
Sn
.K
oL
SK nL I l C K
1.11 4.11 1.11 1.11 11.11 1111 lUI 1111 1111
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Figure 5a and b: Steel - 17.0 w1% Cu. Columnar dendritic substructure with cracking
occurring along Cu rich interdendritic regions
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Figure 6 a and b: Steel - 35.0 \vt% Cu. Liquad phase spinodal structure \vith cracking
along Cu rich regions
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Figure 7 a and b: Steel - 51.6 \\'1% Cu. Fully interpenetrating Fe rich (dark) and Cu rich
(light) networks in liquid phase spinodal structure that is crack free
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Figure 8 a and b: Steel - 61.1 \\t% Cu. Spheroid liquid phase spinodal structures amongst
equiaxed dendritic structures that are crack free
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Figure 15: SEM image ofa spinodal sphere in 61.1 wt% Cu that displays secondary
phase separation and dendritic growth of Fe rich sphere into Cu rich liquid upon
solidification
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Section II:
Microstructural Development and Solidification Cracking Susceptibility
of Fe-Ni-Cu alloys
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2-1. Introduction
Direct metal deposition processes offer the unique advantages of producing fully
dense three dimensional metallic parts directly from a computer aided design drawing,
As such, the tool and die industry would like to harness the advantages of direct metal
deposition processes to fabricate molds with functionally graded compositions in order to
improve mold performance. One possible means to improve the thermal conductivity of
H-13 Tool Steel molds is to selectively deposit Cu using a compositional gradient. The
thermal conductivity of Cu is nearly 13 times greater than H-13 tool steeI6•7, and its use in
this application would translate into shorter mold cycle times and increased mold
productivity,
However, copper has been shown by several researchers to promote solidification
crackinglhot cracking in steel 10-13• Attempts to deposit Cu onto H-13 tool steel using a
direct metal depositions process have also been hampered by solidification cracking9.
Additional work that used AISI 1013 Steel and Cu as a model system examined the
effects of Cu concentration on solidification cracking. Solidification cracks were found
to form in deposits with Cu concentration between 5 and 43 wt% (Section I),
Two primary metallurgical controlling factors in solidification cracking are the
solidification temperature range and the amount of terminal liquid at the end of
solidification, Nickel has been ShO\\'l1 to increase the solubility of Cu in austenite37•
which should result in a concomitant reduction of the amount of tcnninal Cu rich liquid
and solidification cracking susceptibility, Several researchers have found that the
addition ofNi. either as an interlayer or as an alloying element \\;th Cu. decreases the
k' 'b'l' I C' d ' d S I,R-40 TI dd" fN" Icrac '1I1g susccplI I 1ty W len u IS eposlte on tee - , Ie a IlIon 0 I IS a so
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expected to improve the thermal conductivity of the molds, due to its thermal
conductivity being more than twice that of H-13 6.
The equilibrium phase diagrams for Fe-Ni and Cu-Ni are given in Figure 1741 • The
Fe-Ni phase diagram exhibits a very small solidification temperature range.
Additionally, it is nearly isomorphous, with almost complete solid solubility at elevated
temperatures, and would therefore be expected to contain no terminal liquid at the end of
solidification. The Cu-Ni system is isomorphous, but does have a larger solidification
temperature range than the Fe-Ni system for both equilibrium and non-equilibrium
Scheil 19 solidification conditions. Scheil conditions are defined as equilibrium at the
solid/liquid interface, no undercooling and negligible diffusion of solute in the solidifying
solid. Because both binary systems are almost completely isomorphous, they are
expected to have low solidification cracking susceptibility.
According to the Fe-Ni-Cu liquidus projection, the minimum temperature occurs in
the pure Cu phase at I085°C (Figure 1842). Under Scheil conditions the composition of
the ternlinalliquid is expected to be enriched to a minimum in the system. As such, Cu is
expected to be the terminal point in the ternary system if Scheil solidification conditions
exist. thereby resulting in an enlarged solidification temperature range as compared to
equilibrium solidification conditions.
The objective of this work is to determine the minimum Ni interlayer concentration
necessary to produce crack free Fe-Ni-Cu compositionallY graded deposits. In this study.
Ni-Cu and Fe-Ni-Cu weld deposits were made using the Gas Tungsten Arc Weld
(GTA\V) process and examined for cracking. Cracking susceptibility of Fe-Ni-Cu
deposits was quantified through microstructural analysis and explained through
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solidification modeling. The results of this work will provide insight towards the
development of a deposition process that can combine Cu and H-13 tool steel for the die
industry and the manufacturing community as a whole.
2-2. Experimental Procedure
To represent the Fe-Ni-Cu ternary system, SAE 1013 Steel (bar), Ni 99 (wire), Ni 200
(bar) and deoxidized (DEOX) Cu (wire) were chosen as base and filler metal materials.
This model system will simplifY the analysis by reducing the number of trace alloying
elements, while producing results representative of the solidification behavior of H-13,
Ni and Cu. The compositions for the alloys used in this work are listed in Table III.
The current work only considers compositional effects on solidification cracking.
Therefore, a Gas Tungsten Arc Weld (GTAW) system with a cold wire feed was used to
produce bead on plate deposits. These deposits were at least an order of magnitude wider
than those produced by direct metal deposition, thereby simplifYing sample preparation
and subsequent analysis, yet still representative of solidification under relatively high
cooling rates.
A wide range of binary Ni-Cu compositions were also fabricated by depositing a
single pass bead-on-plate deposit. The experimental setup is described in more detail by
Banovic et.a1.20 . DEOX Cu (1.143 mm diameter) filler metal wire was deposited onto
rolled Ni 200 plate that was 0.635 cm thick and cut to 2.54 cm width.
To produce Fe-Ni-Cu deposits. multiple bead-on-plate deposits were prepared one on
top of the other to simulate the direct metal deposition process. The first layer consisted
ofNi-99 (1.143 mm diameter) filler metal \\ire deposited onto SAE 1013 steel. A second
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pass ofNi-99 was required to produce deposits with over 60 wt% Ni, and was deposited
on top of the first bead ofNi. Subsequent layers ofCu were deposited on top of the Fe-
Ni layer by using DEOX Cu. The composition of each pass was varied by changing the
filler metal feed rate and the arc current. The OTAW processing parameters for each
condition are given in Table IV. The shielding gas was commercially pure Ar.
Transverse cross sections of samples from each processing condition were prepared
using standard metallographic techniques. Cu rich regions were revealed by etching with
equal parts 30% Hydrogen Peroxide, concentrated Ammonia and distilled water. The Fe-
Ni samples were pre-etched in 30% Nirtric/70% methanol followed by etching in a 35%
aqueous solution of Sodium Metabisulfite to reveal cell boundaries.
Both bulk and point compositions were determined with an electron-probe
microanalyzer (EPMA). A lEOL 733 Super Probe, equipped with wavelength dispersive
spectrometers (WDS), was operated at an accelerating voltage of20 kV and a probe
current of25 nA for bulk analysis. To minimize the excitation volume yet maintain
sufficient overvoltage to generate Cu Ka x-rays, the accelerating voltage was reduced to
15 kV for point analysis. To measure the nominal composition of the deposits, three to
six measurements were acquired on each deposit from an area approximately 2000 Ilm2
per measurement. This area was large enough to average out variations in composition
due to microsegregation and provide good statistical measurement of the nominal deposit
composition. A phi(pZ) correction method was utilized to convert X-ray counts to
weight percentages21 . Compositional data was nOffi13lized for weight percent Fe. Ni and
Cu. which is reasonable given the ma:ximum anlOunt of trace elements present in any
deposit is 1.36 \\1%. according to wet chemical analysis of the raw material.
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Quantitative image analysis (QIA) was used to perform area fraction measurements
of the Cu rich phase, which were assumed equivalent to the volume fraction. Twenty
fields of view were measured for each composition to provide good statistical confidence
in the area fraction measurements.
2-3. Results
Figure 19 is a schematic of a transverse cross-section of one such multi layer deposit
with an example of accompanying compositions of each layer plotted on the Fe-Ni-Cu
ternary phase diagram. Ni filler metal is deposited on AISI 1013 Steel for the first two
layers, which moves the composition of each deposit towards the Ni rich comer of the
ternary. Subsequent layers were fabricated by using Cu filler metal wire, thereby
increasing the Cu content ofeach layer and moving the composition towards the Cu rich
comer. Figure 20 is a summary of the solidification cracking results for the Fe-Ni-Cu
deposits with results for the Fe-Cu system included from previous work (Section I).
Solidification cracking was not observed in the binary Fe-Ni and Ni-Cu deposits,
however, solidification cracks were observed in ternary Fe-Ni-Cu deposits even with an
interlayer consisting of up to 75 wt% Nickel.
A comparison of Figure 21 and Figure 22, light optical micrographs of Fe-2.5 Ni-
17.0 Cu and Fe-13.2 Ni-15.5 Cu samples, respectively. provide insight into the cracking
mechanism. Cracking is observed exclusively along Cu rich regions. Additionally
increasing the Ni content \\';th similar nominal Cu concentration results in the formation
of less ternlinal Cu during solidification. The effects ofNi additions on the amount of
ternlinal Cu rich phase for approximately constant nominal Cu concentrations (16.4 ± 0.7
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wt% Cu and 13.3 ± 0.5 wt% Cu) is presented in Figure 23. The volume percent ofCu
rich phase in Fe-Ni-Cu deposits with similar Cu concentration but changing Fe to Ni ratio
are plotted. As expected, exchanging Ni for Fe reduces the amount oftenninal Cu due to
the increased solubility ofCu37• Conversely, an increase in Cu concentration with similar
Fe-Ni ratio is expected to result in a greater amount of Cu rich phase. This can be seen in
the light optical micrograph for the Fe-l 0.0 Ni-24.0 Cu deposit (Figure 24), which has
12.8 volume percent Cu, as compared to Figure 22, which has a similar Fe-Ni ratio, but a
lower Cu concentration and only 4.7 volume percent Cu..
A change in morphology is observed when both Ni and Cu concentrations are
increased. The resultant microstructure for an Fe-28.2 Ni-57.8 Cu alloy can be seen in
Figure 25, where a distinct Cu rich phase is not observed. In this alloy, there is no
distinct interface between what appears to be Cu rich and Fe-Ni regions. Figure 25 is
representative of the second class of ternary microstructure and alludes to a change in
solidification behavior, which will be discussed in the next section.
2-4. Discussion
2-4-1. Solid(/ication Behavior
As has been shown for the Fe-Cu system (Section I), solidification behavior and the
nominal composition control the solidification temperature range and anlOunt oftenninal
liquid. T\vo key metallurgical factors to solidification cracking susceptibility are the
solidification temperature range and anlOunt oftenninal liquid. To understand cracking
susceptibility it is necessary to detern1ine the solidification behavior. which is a function
of the dimensionless back diffusion paran1eter. alSo Solidification behavior is bounded
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by equilibrium and non-equilibrium (Scheil) conditions. The upper and lower bounds for
the amount of terminal liquid and the solidification temperature range can be determined
by these two solidification conditions.
It has been shown that microsegregation in welds is a function ofthe back
diffusion potential of solute elements in the solidifying solid as the weld freezes I7,25-28.
Alloy systems with a small back diffusion potential will experience greater levels of
microsegregation during solidification. The greater microsegregation will produce a
larger amount of terminal solute rich liquid, which will impact the solidification cracking
susceptibility of the alloys system.
To determine the solidification behavior of Fe - Ni - Cu alloys, and determine the
amount of terminal Cu rich liquid that would form during solidification, the
dimensionless back diffusion coefficient a must be calculated. Once the solidification
behavior is known, the solidification temperature range and amount of terminal liquid can
be determined.
In order to determine the solidification condition for the Fe-Ni-Cu ternary system,
the dimensionless back diffusion parameter (a) was calculated for the three binary
systems. If all three binary systems have negligible back diffusion potential, then it is
reasonable to interpolate that the back diffusion potential for the entire Fe-Ni-Cu system
is negligible as well. A detailed calculation of the back diffusion parameter can be found
in a previous work (Section I). The essential elements of its calculation for the Fe-Ni-Cu
system are given below.
The back diffusion potential for the Fe-Cu system was found to be negligible (rr =
0.0054) (Section I). TIle back diffusion potential for the Fe-Ni and Ni-Cu samples were
48
found using Fe-24.0 Ni and Ni-15.5 Cu samples respectively. Following the Brody-
Fleming28 solidification model, u is a function of Os, the diffusivity of the solute (Ni or
Cu) in the solid (y Fe or Ni), tr, the solidification time, and L, the distance the solute must
travel to eliminate any compositional gradient, which is half the dendrite arm width.
The solidification time, tr, can be determined by calculating the solidification
temperature range, 11T and the cooling rate, assuming that the cooling rate is linear. The
Rosenthal equation for three dimensional heat flow from a point heat source was used to
estimate the cooling rate along the weld center line30. The thermal conductivity, A, for Fe
and Ni at 72TC is 0.326 and 0.718 W/(cm °C), respectivell. These values for thermal
conductivity were used as the effective thermal conductivity over the respective
solidification temperature ranges. The conditions used to make the deposits were, VI =
3250 W, S = 0.2 cm/s, TJa = .75 for the GTAW process3), To = 25°C, and T = 1465°C and
1428°C (liquidus temperature) for Fe-Ni and Ni-Cu respectively. Given the above, the
Rosenthal approximated cooling rate was found to be 349°C/s for Fe-Ni and 729°C/s for
Ni-Cu. The maximum solidification temperature range for Fe-Ni and Ni-Cu was 25T,
343°C, respectively. The resultant solidification time was 0.07 seconds and 0.5 seconds
for Fe-Ni and Ni-Cu respectively.
Because diffusivity is dependant on temperature. the value of the bac~ diffusion
potential will change as the deposit cools. Therefore. an upper bound estimation is made
for the back diffusion potential (uma..,J of both Fe-Ni and Ni-Cu sanlples. If Uma.x is found
to be « 1, then both alloys \\ill solidify under non-equilibrium conditions regardless of
temperature.
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To provide an upper bound estimation for ex, the diffusivities ofNi in y Fe and Cu in
Ni were calculated at the respective liquidus temperatures. Diffusivity ofNi in y Fe at
I465°C and Cu in Ni at I428°C was found to be 1.1 X 10-13 m2/s and 1.23 X 10-12 m2/s,
respectively43. The dendrite arm spacing was measured to be 20.7 microns and 11.3
microns for Fe-Ni and Ni-Cu respectively. The resultant amax for Fe-Ni and Ni-Cu is then
0.00007 and 0.02, both of which are« 1. Since amax« I for the three constitutive
binary systems, the solidification conditions for ternary Fe-Ni-Cu alloys are expected to
be close to non-equilibrium Scheil conditions.
2-4-2 Solidification modeling
The solidification temperature range and amount of terminal liquid are two key
metallurgical factors in the solidification cracking susceptibility of an alloy. The advent
of computational thermodynamic programs, such as Thermocalc44-46, enables the
calculation of these two parameters over a broad range of Fe-Ni-Cu compositions. The
use of the Scheil module47 provides a means for predicting these values even when the
equilibrium partition coefficient (k) varies with temperature and composition. It is
anticipated that k will vary in Fe-Ni-Cu ternary space given that it is not constant with
varying temperature and compositions for the three associated binary diagrams.
Figure 26 graphically displays the results of solidification calculations performed by
TIlern10Calc for the Fe-Ni-Cu system. Composition was varied by 10 wt% per
calculation. The solidification temperature range and weight fraction of terminal liquid
(in parenthesis) were calculated for the Scheil solidification condition. It was possible to
carry out these calculations over the majority of the Fe-Ni-Cu system. except towards the
Cu rich region. ScheH data from previous work (Section I) was used to complete the Fe-
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Cu binary results. From these results two observations can be made. First, a large
solidification temperature range of over 150aC is present for nearly all ternary
compositions with solidification temperature range increasing as the nominal
composition of Cu decreases. Second, no terminal Cu rich liquid is predicted when Ni
concentrations exceed 30%.
Two characteristic types of solidification sequences were revealed by the ThermoCalc
Scheil calculations for the Fe-Ni-Cu system. The first sequence involved two face
centered cubic (FCC) phases, one primary, the second terminal. This is shown in Figure
27; a plot of fraction solid vs. temperature for the Fe-l 0.0 Ni-24.0 Cu deposit. In this
case, two distinct phases form, which is consistent with the microstructure for this sample
in Figure 24, where the terminal (intercellular) phase is Cu and the cells are a Fe-Ni-Cu
solid solution y phase. The second type of solidification sequence resulted in only one
FCC phase upon solidification. A representative figure that shows this behavior can be
seen in Figure 28, which is a fraction solid vs. temperature plot for the Fe-28.2 Ni-57.8
Cu alloy. In this case, the microstructure does not show a distinct Cu rich phase, as
shown in Figure 25.
To ensure that the trends predicted by Thermocalc for the Fe-Ni-Cu system are
accurate, the calculations must be validated by experimental results. The first means of
validation is comparing the Thermocalc predicted terminal Cu rich liquid and that
measured in experimentally produced deposits. This comparison can only be made for
deposits that exhibited a terminal eu rich phase: i.e. for deposits \\:;th Ni concentration
less than 30 \\:1%. In Figure 23 the Thermocalc predicted anlOunt of tenninal liquid can
be compared \\;th the experimental results. Reasonable agreement is found between
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calculated and measured values, giving support to the validation of the Thermocalc
modeling.
Comparing the Thermocalc predicted composition ofeach phase as a function of
fraction solid formed was the second means of validation. Figure 29a is a scanning
electron microscope (SEM) image taken of a cell in the Fe-l 0.0 Ni- 24.0 Cu sample.
EPMA data was taken across this cell, with the white dots caused by beam damage
during EPMA measurement, which serves as a useful guide to the location of the point
measurements. The white intercellular region in the SEM image is Cu rich, as shown by
the EPMA data presented in Figure 29b. Figure 29b presents the EPMA data taken
across the cell in Figure 29a along with Thermocalc Scheil module predicted
composition of the solid as a function of fraction solid. The cell core, which constitutes
the first solid to form in the cell, is taken as fs=O and the interdendritic region, where the
Cu concentration peaks and solidification terminates, as fs=1. Figure 30 is a similar
SEM image and EPMA line scan for the Fe-28.2 Ni-57.8 Cu alloy, which is expected to
have only one solid phase with continuously varying concentration.
Differences between the Scheil calculated and experimentally measured
concentrations are most likely the result of shifts in the phase boundary lines due to the
effect of the trace elements that were not included in the calculation. Additionally. the
EPMA's ability to accurately measure the Cu rich intercellular concentrations in Figure
29 is limited by the x-ray excitation volume of a 15 kV beanl. which is on the order of 1
micron; approximately the same size as the intercellular region. Given the capabilities of
the EPMA, and the potential effect of trace elements. good agreement exists between the
ThennoCalc modeling and measured compositions.
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Microstructural development provides an additional means to verify the Thennocalc
model results. There is a marked difference in the as-solidified microstructures of Figure
24 and Figure 25, as a distinct Cu rich second phase is absent in the latter. A second
phase is not anticipated to fonn in an isomorphous system, such as Ni-Cu, even under
Scheil solidification conditions. In an isomorphous phase diagram, the liquidus and
solidus lines converge at the end of solidification, as can be seen for Ni-Cu in Figure 17.
Physically, this means that all the solute in the liquid is absorbed by the single solid
phase, thereby preventing the fonnation of a tenninalliquid.
Unlike a binary system, the liquidus and solidus lines in a ternary system follow a
three dimensional surface. The direction of their motion is dictated by the partition
coefficients of each element. As such, isopleths constructed from a ternary phase
diagram are of little use since they are constrained to two dimensions. Thennocalc
provides the capability to obtain compositional data for phases as a function of
temperature. This data is derived from the composition of solid and liquid at any given
temperature along the solidus and liquidus surfaces. This compositional data, obtained
from the solidification pathway in three dimensions, can then be plotted in two
dimensions (temperature and composition) to fonn "pseudo" solidus and liquidus lines.
The shape of the liquidus and solidus lines can provide insight on phase fornlation during
solidification.
Figure 31 and Figure 32 display pseudo liquidus and solidus lines for Fe-l 0.0 Ni-
24.0 Cu and Fe-28.2 Ni-57.8 Cu alloys, respectively. TIle shape of the Cu pseudo
liquidus and solidus in the fornler alloy is of similar shape to the binary Fe-Cu liquidus
and solidus lines. The composition of these lines drastically changes at 1135°C upon the
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formation of the second phase, which is Cu rich. In the Fe-28.2 Ni-57.8 Cu the shape of
the Ni and Cu liquidus and solidus lines are of similar shape to those observed in an
isomporphous diagram. The solidus and liquidus lines intersect, thereby precluding the
formation of a terminal phase.
2-4-3. Cracking Susceptibility
The ThermoCalc Scheil model prediction of phases that form during solidification are
also corroberated by the expimentally observed microstructures. This provides additional
evidence that the Thermocalc calculations are valid. As such, the solidification
temperature range and terminal liquid data presented in Figure 26 can be used to explain
the solidification cracking of Figure 20. A large solidification temperature range exists
with Fe-Cu, Ni-Cu and Fe-Ni-Cu alloys. Additionally, significant amounts of terminal
Cu rich liquid are formed for Ni concentrations less than 30 wt%. The combination of
these two factors controls the cracking susceptibility of Fe-Ni-Cu alloys with less than 30
wt%Cu.
Even when there is no terminal Cu (Ni concentrations> 30 wt%), due to
solidification as a single phase, there remains a large solidification temperature range of
250°C or greater in ternary alloys that crack. However, binary Ni-Cu alloys with similar
solidification temperature range and absence of terminal liquid do not crack. This
indicates that factors other than composition. which effects solidification temperature
range and the amount of ternlinal liquid. playa significant role in the solidification
cracking susceptibility of Fe-Ni-Cu alloys. Zacharia48 has ShO\'l'l1 that stress distribution
around the melt pool can have a significant effect on solidification cracking
susceptibility. TIle heat flow, thernlal stresses and solidification shrinkage arc
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mechanical factors that may playa significant role in the solidification cracking
susceptibility of Fe-Ni-Cu deposits. It can be concluded that the concentration of the Ni
interlayer must be greater than 75 wt% Ni to produce a compositionally graded deposit of
Steel, Ni and Cu that is free of solidification cracking.
2-5. Conclusion
To determine the compositional cracking susceptibility of the Fe-Ni-Cu system, a
wide range of Fe - Ni - Cu deposits was fabricated by GTAW with a cold wire feed.
EPMA measurements were carried out to determine the composition of the deposits.
Solidification cracking was observed when Cu was deposited onto Fe-Ni with Ni
concentration of up to 75 wt% Ni.
The Thermocalc Scheil model was validated for the Fe-Ni-Cu system by
comparison with experimental results, which showed good agreement with the Scheil
calculations. Thermocalc Scheil calculations predicted a solidification temperature range
of more than 150a C for nearly the entire ternary under Scheil solidification behavior.
Additionally, alloys with less than approximately 30 wt% Ni solidified as two
FCC phases, whereas alloys with more than 30 wt% Ni were found to solidifY as a single
FCC phase. The solidification temperature range and amount of terminal liquid. which
are effected by alloy composition, proved insufficient to fully explain solidification
cracking susceptibility in the Fe-Ni-Cu system.
To produce functionally graded deposit of Steel. Ni and Cu that is free of
solidification cracks. the concentration of the Ni interlayer must be greater than 75 \\11%.
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2-6. Individual Tables
Table III: Material Compositions in wt%
C Mo Si S P Cr Ni Mo Cu Fe AI So TI
Cu wire - 0.18 0.23 - 0.01 - - - 98.78 - - 0.8 -
Ni 99 wire 0.03 - 0.12 0.001 0.004 - 99.8 - - 0.053 0.001 - 0.002
SAE 1013 Bar 0.13 0.82 0.173 0.02 0.007 0.026 0.066 0.015 0.08 98.643 0.009 0.011 -
Ni 200 bar 0.04 0.18 0.03 0.001 - - 99.7 - 0.01 0.05 - - -
Table IV: GTAW Processing Parameters
Material Arc gap Travel Arc Arc current Wire feed
(mm) speed potential (amperes) speed (moos)
(moos) (volts)
Cu· onto 2.54 2 10 325 to 130 8 to 45
Ni99
Nf onto 2.54 2 10 375 to 325 4 to 71
1013
Cu· onto 2.54 2 10 200 to 125 4 to 25
Fe-Ni
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Figure 17: Phase diagrams41 for a) Fe-Ni and b) Cu-Ni.
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Fe
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Figure 18: Fe-Ni-Cu liquidus projection42 .
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Ni
Cu deposits
Fe (A1SI 1013 Steel)
First two deposit
layers: Ni filler metal
Cu
Figure 19: a) Schema of multi pass Fe-Ni-Cu deposits and b) resultant compositions of
each layer plotted on Fe-Ni-Cu ternary diagram
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Fe
Ni
Figure 20: Solidification Cracking Results. Squares and triangles represent cracked and
crack free compositions respectively. Dotted line defines crack susceptible composition
range. Volume percent Cu rich phase for encircled data points displayed in Figure 23.
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Figure 21: Fe-2.5Ni-17.0 Cu. Cracking observed along Cu rich regions.
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Figure 22: Fe-13.2Ni-15.5Cu. Cracking along Cu rich regions. Increased Ni results in
less tenninal Cu compared to Figure 21.
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Figure 23: Effect ofNi concentration on Cu rich phase in Fe-Ni-Cu alloys.
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Figure 24: Fe-l O.ONi-24Cu deposit exhibiting cracking along Cu rich phase. but reduced
amount of this phase as compared to Figure 22. which has similar Ni content but less Cu.
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Figure 25: Fe-28.2Ni-57.8Cu deposit. Cracking is observed along Cu rich regions,
however, a distinct Cu rich phase is no longer observed
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parenthesis) results from ThermoCalc ScheH module calculations
64
111T=350C
0.6 0.80.40.2
1125
FCC1 and FCC2
T;rrlli~;IFCC-Pha;~ (F-CC~
1075 l-----,-------,------,--------,-------:~
o
1425
1375
Fraction Solid
Figure 27: Thennocalc Scheil module predicted fraction solid vs temperature with
solidified phases for Fe-! 0.0 Ni-24.0 Cu. Solidifies as two FCC phases, one primary and
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Figure 28: Thennocalc Scheil module predicted fraction solid vs temperature with
solidified phase designations for Fe-28.2 Ni- 57.8 Cu. Solidifies as a single FCC phase.
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Figure 29: a) SEM micrograph ofEPMA line scan on Fe-lO.O Ni- 24.0 Cu. \Vhite dots
are beanl damage and indicate where compositional data was collected b) EPMA data
and Themlocalc predicted concentration as a function of fraction solid fomled.
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Figure 29: a) SEM micrograph of EPMA line scan on Fe-l 0.0 Ni- 24.0 Cu. White dots
are beam damage and indicate where compositional data was collected b) EPMA data
and Thermocalc predicted concentration as a function of fraction solid formed.
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Figure 30: a) SEM micrograph ofEPMA line scan on Fe-28.2 Ni- 57.8 Cu. White dots
are beam damage and indicate where compositional data was collected b) EPMA data
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Figure 30: a) SEM micrograph ofEPMA line scan on Fe-28.2 Ni- 57.8 Cu. White dots
are beam damage and indicate where compositional data was collected b) EPlvfA data
and Thenl10calc predicted concentration as a function of fraction solid formed.
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Figure 31: Pseudo solidus and liquidus lines for Ni and Cu in Fe-l 0.0 Ni-24.0 Cu alloy
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Figure 32: Pseudo solidus and liquidus lines for Ni and Cu in Fe-28.2 Ni-57.8 Cu
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